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The importance of the right ventricle as a determinant of
clinical symptoms, exercise capacity, peri-operative survival
and postoperative outcome has been underestimated for a
long time. Right ventricular ejection fraction has been used
as a measure of right ventricular function but has been
found to be dependent on loading conditions, ventricular
interaction as well as on myocardial structure. Altered
left ventricular function in patients with valvular disease
influences right ventricular performance mainly by changes
in afterload but also by ventricular interaction. Right
ventricular function and regional wall motion can be
determined with right ventricular angiography, radio-
nuclide ventriculography, two-dimensional echocardiogra-
phy or magnetic resonance imaging. However, the complex
structure of the right ventricle and its pronounced trans-
lational movements render quantification difficult. True
regional wall motion analysis is, however, possible with
myocardial tagging based on magnetic resonance tech-
niques. With this technique a baso-apical shear motion of
the right ventricle was observed which was enhanced in
patients with aortic stenosis.
(Eur Heart J 1996; 17: 829-836)
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Introduction
The importance of right ventricular function has been
underestimated in the past, especially its role as a
determinant of cardiac symptoms, exercise tolerance and
survival in patients with valvular disease of the left
heart. The pump function of the right ventricle has been
thought not to be relevant for the overall function of the
heart'1'21 and to improve if the cause for its dysfunction
is removed'3'. However, our understanding of the role of
the right ventricle in the maintenance of normal cardiac
function has changed dramatically. It has been shown
that right ventricular function is a major determinant of
cardiac symptoms and exercise capacity in chronic heart
failure'4'51. An increase in pulmonary wedge pressure as
a result of mitral or aortic valve disease is associated
with a rise in mean pulmonary artery pressure. Thus,
right ventricular afterload increases, as dilatation of the
right ventricle develops with a resultant drop in the right
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ventricular ejection fraction. As a consequence, the
tricuspid valve annulus dilates and may induce tricuspid
regurgitation'6' with secondary right ventricular volume
overload.
Right heart failure is mainly a clinical diag-
nosis and, thus, exact quantification is difficult. Early
detection of right ventricular dysfunction is important
and depends largely on the imaging technologies. Due
to the complex structure and asymmetrical shape of
the right ventricle, assessment of right ventricular
function is often problematic. Echocardiography relies
on geometrical assumptions or a three-dimensional
analysis of the right ventricle which is not always
sufficiently visualized'71. Radionuclide angiography re-
quires injection of radioactive markers and has a low
spatial resolution. This technique suffers from attenu-
ation artifacts and differentiation between the right
ventricle and right atrium may be difficult'8"101. Con-
trast angiography is invasive and requires contrast
injection in potentially haemodynamically unstable
patients. Newer methods such as spiral computed
tomography or magnetic resonance imaging1"1 allow
better analysis of right ventricular function than
other imaging techniques, but they are not yet avail-
able in all institutions. Most data on right ventricular
function stem from clinical studies performed with
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radionuclide angiography'12'131 or right ventricular
angiography*14'151.
Right ventricular ejection performance
in relation to pulmonary
haemodynamics
Right ventricular ejection fraction is dependent on right
ventricular afterload and, thus, on left ventricular or left
atrial filling pressures'16"191. An increase in left ventricu-
lar afterload is compensated for by an increase in mass
to reduce left ventricular fibre stress. The right ventricle,
however, is more sensitive to changes in load which is
probably due to the smaller muscle mass and, thus,
higher wall stress of a given load. Thus, a decrease in
right ventricular ejection fraction with an increase in
pulmonary artery pressure has been reported in patients
with valvular or coronary artery disease1201 as well as
in patients with chronic obstructive pulmonary dis-
ease121'221. A rapid improvement or normalisation of
right ventricular ejection fraction has been found after
reduction of pulmonary artery pressure with nitro-
glycerin'161, single lung transplantation'2'1 or left heart
valve replacement. Right ventricular ejection fraction as
a function of mean pulmonary arterial pressure has been
plotted from several different studies (Fig. 1) and a close
relationship between these two parameters documenting
the load-sensitivity of the right ventricle has been
observed. The steeper slope between mean pulmonary
arterial pressure and right ventricular ejection fraction
when compared to the slope between left ventricular
systolic pressure and left ventricular ejection fraction
(Fig. 2) demonstrates that the left ventricle can tolerate a
higher load than the right. Right ventricular ejection
fraction is reduced by approximately 10% (55 to 45%),
when right ventricular afterload is doubled from 25 to
50 mmHg. However, a doubling of left ventricular after-
load from 125 to 250 mmHg leads to a similar reduction
in left ventricular ejection fraction from 70 to 60%.
The close correlation between right ventricular
ejection fraction and mean pulmonary arterial pressure
for patients with cardiac valve diseases indicates that
right ventricular afterload rather than contractility is the
major determinant of right ventricular ejection fraction.
However, some studies in patients with chronic right
ventricular pressure overload showed a reduced systolic
ejection performance with a downward shift of the
relationship between right ventricular ejection fraction
and mean pulmonary arterial pressure below the 95%
confidence limit (Fig. 1). The assessment of right ven-
tricular contractility is difficult and has been attempted
by right ventricular dp/dt, right ventricular end-systolic
pressure/volume relationship, right ventricular maximal
elastance or mean normalized systolic ejection rate'23'24'.
However, none of these parameters is very sensitive
and, thus, quantification of right ventricular contractile
function remains difficult.
In most patients with aortic valve disease, right
ventricular ejection fraction is maintained, whereas it
70
60
50
40
30
20
Valvular disease
y = -0.7 + 55
r = 070
P = 0.001
Controls •
y = -0.7x + 63
10 15 20 25 30 35 40 45
MPAP (mmHg)
Figure 1 Relationship between radionuclide right ven-
tricular ejection fraction (EFRV) and mean pulmonary
artery pressure (MPAP). Data are taken from the litera-
ture. Control data (hatched area) are from two studies
representing individual values of 18 patients'17'18'. The
data points of the patients with valvular disease represent
one study eachi1819-21-23-26-2^31". The solid line shows the
correlation for patients with various valvular heart dis-
ease; the dashed line shows the correlation for controls.
• = mitral regurgitation; T = aortic regurgitation;
0 = mitral stenosis; O = mitral stenosis after replacement
or valvuloplasty; +=controls; x = mitral regurgitation
and aortic regurgitation.
is typically reduced in patients with mitral valve
disease'19'25"291 (Fig. 3). Mitral valve disease generally
influences the right ventricle more than aortic valve
disease'30'311. Left atrial volume overload in mitral insuf-
ficiency and pressure overload in mitral stenosis may
cause an increase in pulmonary vascular resistance with
an increase in the afterload of the right ventricle (Table
1, Fig. 4) and, thus, a decrease in right ventricular
ejection fraction (Fig. 3). In contrast, left ventricular
function is usually normal or even enhanced in mitral
regurgitation due to low impedance leak'321. A mild
decrease of left ventricular function represents an early
sign of myocardial dysfunction with a sudden worsening
after valve replacement'331, whereas a decrease in right
ventricular ejection fraction usually represents a state of
pressure overload hypertrophy.
Pulmonary artery pressure often decreases im-
mediately after mitral valve surgery (Fig. 4) with a
normalization of pulmonary pressure within 6 months.
It may, however, stay elevated for more than 2 years in
patients with severe pulmonary hypertension before
operation (Fig. 5)'341. This can be explained by the
structural changes of the pulmonary vessels which may
return only slowly after operation or may be irrevers-
ible1351. A normalization of right ventricular ejection
fraction, concurrent with a normalization of pulmonary
artery pressure, has been reported in most patients after
mitral valve operation'28'29'. However, in some cases
right ventricular ejection fraction does not normalize but
remains depressed. This is explained by the occurrence
of myocardial dysfunction due to rheumatic heart dis-
ease1361 or high wall stress, secondary to ventricular
dilatation'251. The extent of right ventricular dilatation
and the duration of chronic pressure overload beyond
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Figure 2 Relationship between angiographic RV ( • ) ejection fraction
(EFRV) and mean pulmonary artery pressure (MPAP) as well as left
ventricular (O) ejection fraction and peak systolic pressure (LVSP). The
slope of the regression line is steeper for the right ventricle than for the
left ventricle, indicating a higher load-sensitivity of the right ventricle.
Data are taken from the literature; each data point represents one
different study116'17-30-37-38-40'411.
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Figure 3 Mean radionuclide right ventricular ejection
fraction (EFRV) in pre- and postoperative patients with
valvular disease of the left heartf12-17-19-21-26-28-31-39'.
Please note that the right ventricular ejection fraction is
abnormal in patients with mitral stenosis or regurgitation
probably because of altered after-load condition, whereas
right ventricular function is normal in aortic valve disease.
which no normalization of right ventricular ejection
fraction can be achieved is, however, not known.
Pulmonary haemodynamics are usually normal,
or only slightly altered, in aortic valve disease1341.
Equally symptomatic patients with aortic insufficiency
have lower pulmonary artery pressures'271 and better
right ventricular ejection fraction than those with mitral
valve disease1261 (Fig. 3). Similarly, the size of the right
coronary artery was normal in severe aortic valve dis-
ease, whereas it was significantly increased in patients
with mitral valve disease when compared to controls,
indicating that secondary pulmonary hypertension is
associated with right ventricular hypertrophy and en-
largement of the right coronary artery137'381. Although
pulmonary haemodynamics are only slightly altered
in patients with aortic valve disease, an increase of
right ventricular ejection fraction and a reduction of
pulmonary blood volume and pulmonary capillary
wedge pressure was found immediately after aortic valve
replacement'391.
Right ventricular ejection performance
in chronic volume overload of the right
ventricle
Some authors have distinguished between patients
with right ventricular pressure overload with and with-
out tricuspid regurgitation'40""*21 and found higher mean
pulmonary artery pressures and lower right ventricular
ejection fractions in those with tricuspid regurgi-
tation'401, although there is a low impedance leak with
regurgitation into the right atrium. In some patients
functional tricuspid regurgitation will normalize after
left heart valve replacement when the right ventricle
gets smaller and the tricuspid annulus shrinks to its
normal size after correction or right ventricular pressure
overload'3'431, whereas in others it may not'44'451. These
patients with significant tricuspid regurgitation after
valvular surgery have a poor prognosis whether
operated on or not'461. The severity of tricuspid insuffi-
ciency beyond which no normalization of right ventricu-
lar dimensions will occur remains, however, unclear.
The gold standard for the assessment of tricuspid insuf-
ficiency is right ventricular angiography, but there are
several drawbacks — such as catheter-induced extra-
systoles, poor filling of the right ventricle and the
impossibility of exactly quantifying the severity of the
lesion'47'481. Newer, non-invasive methods, such as con-
trast echocardiography'49"5'1, colour-coded Doppler
echocardiography1521 or magnetic resonance imaging1531
allow semiquantitative evaluation of tricuspid insuf-
ficiency, although exact quantification is also not
possible. Doppler echocardiography allows us to detect
minimal, so-called 'physiological' tricuspid regurgi-
tation in almost all patients, especially the young154"56'.
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Table 1 Data from the literature on mean pulmonary artery pressure (MPAP) pre- and postoperative right
ventricular ejection fraction (R VEF) and left ventricular ejection fraction (L VEF) as well as NYHA classification
Author
Morrison'171
Grose""!
Nienaber"81
Unterberg14"
Hirata"91
Mayer168'
Iskandrian1251
Morrison'311
Unterberg1411
Niles126'
Vassalli'38'
Iskandrian'251
Cohen'28'
Unterberg1411
Hirata"9 '
Burger129'
Mayer168'
Mornson'31 '
Unterberg1301
Niles1261
Villari1371
Trikas1271
Harpole1391
Villari1371
Year
1983
1983
1987
1989
1992
1994
1984
1985
1989
1990
1993
1984
1985
1989
1992
1993
1994
1985
1987
1990
1992
1994
1990
1992
Vulvc lesionT LX1 ¥ w i v v l V l l
Controls
Controls
Controls
Controls
Controls
Controls
MR
MR
MR
MR
MR
MS
MS
MS
MS
MS*
MS*
AR
AR
AR
AR
AR
AS
AS
9
8
10
18
9
10
21
12
26
18
10
22
8
35
11
11
15
9
23
15
7
19
11
8
Tech
R
A
R
A
R
A
R
R
A
R
A
R
R
A
R
T
A
R
A
R
A
R
R
A
MPAP
15 ± 3
15±2
14±4
15±7
12±2
32 ±10
31 ± 10
23 ±9
30 ± 12
25 ±7
40 ±20
26 ±7
25 ±9
17±3
32
30 ± 11
19±8
18 ± 7
24 ± 12
21 ±8
32 ±2
20 ±6
Pre-operative
RVEF
55 ±5
55 ±4
52 ±8
58 ±7
45 ±5
—
23 ± 10
39 ±10
51 ± 11
38 ±9
—
29 ±12
32 ±6
56± 13
39 ±4
40
—
44±9
54±9
43 ±8
—
54± 13
—
LVEF
70 ±9
71 ±8
66± 14
62 ±7
63 ±4
57 ± 15
49 ± 18
63 ±17
52 ± 10
62 ±9
49 ± 14
48 ±8
62 ±12
48 ± 10
—
56 ±7
52 ± 11
57 ± 13
45 ± 12
59 ±8
—
52 ± 16
55 ±13
NYHA
—
—
—
—
2-4
—
>2
2-4
—
2-8
—
2-4
2-3
2-1
1-8
—
£ 2
1-8
2-5
3-4
1-7
Postoperative
MPAP
_
—
—
—
—
—
—
16±3
—
—
22
23 ± 10
—
—
17±5
—
21 ±6
RVEF
—
—
—
—
—
—
—
—
—
37 ±9
—
46±6
45
—
—
—
—
58 ±8
—
n = Number of patients; Tech = technique; MR = mitral regurgitation; MS = mitral stenosis; AR = aortic regurgitation; AS = aortic stenosis;
* = mitral valvuloplasty; A = angiography; R = radionuclide ventriculography; T=thermodilution.
However, this regurgitation has no haemodynamic
effects and thus no clinical consequences.
Right/left ventricular interaction
Left-to-right interaction
Apart from the influences of the left ventricle on the
right ventricle via the pulmonary circulation, the left
ventricle acts also on right ventricular function through
the interventricular septum'57"591. In the experimental
animal, the exclusion of the right ventricle leads to an
elevation of systemic venous pressure, a decline in
pulmonary artery pressure, a reduction in cardiac output
and a drop in arterial pressure'60'6''. However, scarring
of the right ventricular myocardium by cauterization'11
or the exchange of the right ventricle with a non-
contractile pericardial patch'621 is associated with
reasonable right ventricular ejection fraction due to the
function of the septum — which is able to maintain
cardiac output as long as the right ventricle is not
dilated. In a study of Hoffman et al.l62], left ventricular
contraction contributed 24% of its own stroke work to
the generation of right ventricular stroke work via the
interventricular septum. In pulmonary hypertension
this contribution increased to 35%. A negative linear
correlation between right ventricular size and left or
right ventricular stroke work was demonstrated. Thus,
even though left-to-right ventricular interaction may
compensate for a reduction in right ventricular function,
in the presence of right ventricular pressure or volume
overload it will not suffice to maintain adequate cardiac
output without a sufficiently contracting right ventricle.
Right-to-left ventricular interaction
The filling state of the right ventricle influences the
motion of the interventricular septum and thus, left
ventricular performance'63641. Right ventricular volume
overload with dilatation of the right ventricle and
right atrium causes an increase in intrapericardial
pressure ( = pericardial constraint), reducing venous
return, cardiac output and, thus, left ventricular func-
tion'651. These effects can be significantly diminished by
opening or removing the pericardium. A recent study
using magnetic resonance tagging in patients with right
ventricular hypertrophy has shown an increased curva-
ture of the septum and a decreased septal shortening1661.
Ventricular interaction through the interventricular sep-
tum was reported to be less important than interaction
through the pulmonary circulation but appeared to be of
great importance for the balance of the right and left
Eur Heart J, Vol. 17, June 1996
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Figure 4 Mean pulmonary artery pressure (MPAP) of
controls, patients with mitral regurgitation (MR), mitral
stenosis (MS), aortic stenosis (AS) and aortic regurgi-
tation (AR). Each data point represents one single
study!16-19-21-25"30-37-38-68!. Pre- (pre) and post-operative
(post) values are plotted; however, post-operative studies
are rare and, thus, data points are limited. Most patients
show normalization of MPAP after correction of the
valvular lesion, except for mitral stenosis (see below).
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Figure 5 Mean pulmonary artery pressure early and late
after valve replacement in patients with increased pul-
monary vascular resistance, before operation'34'. Please
note that normalization of pulmonary artery pressure
takes years after correction of the valvular lesion.
Five years after operation of mean pulmonary artery
pressure remained slightly elevated in these patients.
(Published with the permission of the editors and authors
of reference 34.)
the loss of right ventricular/left ventricular interaction is
the mobilization of the subvalvular apparatus with an
increased regional wall motion of the posterior wall.
Thus, right-to-left or left-to-right ventricular
interaction is mediated through three mechanisms: (1)
pulmonary circulation with changes in right ventricular
loading conditions, (2) geometry and motion of the
interventricular septum (e.g. by common myocardial
fibres), and (3) pericardia! constraint.
Right ventricular regional wall motion
Regional wall motion of the right ventricle has been
assessed with various techniques, including right
ventricular angjography120-691, two-dimensional echo-
cardiography and radionuclide ventriculography as well
as newer methods such as conventional magnetic
resonance imaging and myocardial tagging. Most of
these techniques have given conflicting results due to
the complex geometry of the right ventricle and the
pronounced translational movements of the heart.
Myocardial tagging170"721 allows the non-invasive
labelling of specific myocardial regions and, in contrast
to most other techniques, the assessment of true regional
function of the right ventricle'731. Conventional par-
ameters for the description of regional right ventricular
wall motion, such as radial shortening and regional area
reduction, are dependent on the shape and motion of
the right ventricle. Consequently, these parameters
vary between different regions and planes. Regional
circumferential shortening, which is dependent on the
local shortening of the myocardium, is, however, more
uniformly distributed in the different regions with a
coefficient of variance which is significantly (P<00\)
smaller than for radial shortening or regional area
reduction. Using myocardial tagging, a baso-apical
shear motion of the right ventricle was observed which is
the result of the the 'wringing motion' of the left
ventricle1731. This 'wringing motion' is characterized by a
clockwise rotation of the left ventricle at the base and a
counterclockwise rotation at the apex which pulls the
right ventricle in these directions through a network of
common myocardial fibres between the two ventricles
(Fig. 6). This baso-apical shear motion is significantly
increased in patients with aortic stenosis when com-
pared to controls (Fig. 7), probably as a result of the
previously described left-to-right ventricular interaction.
cardiac output'631. An increase in right ventricular vol-
ume will affect not only left ventricular systolic function,
but also left ventricular diastolic properties. In patients
with pulmonary hypertension an abnormal septal
motion and an increased chamber stiffness of the left
ventricle has been reported'671. Right-to-left ventricular
interaction with a correlation between end-diastolic fill-
ing pressure of the right and left ventricle (r=0-71) was
observed in patients with mitral stenosis which was lost
after mitral valvuloplasty1681. A possible explanation for
Importance of the right ventricle as a
prognostic factor in valve surgery
The importance of the right ventricle for peri-operative
morbidity and mortality was recognized several years
ago. Thus, the right ventricle plays an important role not
only for survival but also for the postoperative course
and functional recovery of the patient with valve disease
of the left heart.
Eur Heart J, Vol. 17, June 1996
834 E. Nagel et al.
B
Figure 6 (A) Magnetic resonance myocardial tagging in a
volunteer. The right ventricle is shown in a basal short
axis-view at endsystole. The arrows indicate the regional
wall motion calculated from the intersection points of the
rectangular grid. (B) In a schematic drawing the motion
pattern of the left and right ventricle at the base is depicted
and indicates the left ventricular clockwise rotation which
pulls the right ventricle in this direction causing a baso-
apical shear motion. ED = end-diastole; ES=endsystole.
Mitral valve disease
Generally, the prognosis of patients with mitral valve
disease and depressed right ventricular function im-
proves significantly after successful mitral valve replace-
ment or repair1'9'361. However, according to Pinzani et
al.ll4\ in the presence of right ventricular failure, mor-
tality increases peri-operatively from 5 to 11% (/><002)
and, during follow-up, from 8 to 22% (P<00005).
Hirata et al.[l9] reported, in patients with a pre-operative
right ventricular ejection fraction of less than 40%, no
normalization of right ventricular ejection fraction after
valve surgery. The persistence of symptoms after oper-
ation was higher in patients with a pre-operative right
ventricular ejection fraction of less than 30% compared
to those with a right ventricular ejection fraction of
more than 30%'36]. If right heart failure persisted after
'=P< 0.05
api equ bas api equ
Controls AS
Figure 7 Shear angles of the centre of gravity at the
apex, equator and base. The baso-apicai shear motion
is more pronounced in the hypertrophied than in the
normal ventricle. AS = aortic stenosis; api = apical; equ =
equatorial; bas=basal.
valve replacement, patients had a higher 5-year mor-
tality (39%) than patients without right heart failure
(4%; /><00001) after surgery1741.
A small number of patients developed right heart
failure early after mitral valve surgery. These patients
had a poor prognosis, with a mortality of 72% within
75 months of operation'741. The aetiology of peri-
operative right heart failure is multifactorial, and the
pathophysiology is not yet fully understood.
Groves and coworkers[75] reported a significantly
lower exercise duration, a decreased maximal oxygen
consumption and a lower anaerobic threshold in
patients with than without tricuspid regurgitation late
after successful mitral valve replacement. The presence
of tricuspid insufficiency can explain the incomplete
recovery from valvular surgery or the return of clinical
symptoms in patients without prosthetic valve failure,
persisting pulmonary hypertension or congestive heart
failure. In the present study it was not possible to
differentiate between (1) right ventricular pump failure
with secondary tricuspid regurgitation and (2) tricuspid
regurgitation with secondary right ventricular failure as
the precipitating cause.
Aortic valve disease
Survival and postoperative symptoms in patients with
aortic regurgitation are usually better than they are in
mitral regurgitation'261. Patients with combined mitral
and aortic regurgitation had a poorer right and left
ventricular ejection fraction than those with mitral re-
gurgitation alone. The postoperative outcome of these
patients with combined aortic and mitral regurgitation
was less favourable than in those with isolated valvular
lesions because four of eight patients died, and three of
those surviving suffered asymptomatic deterioration
within 72 months. However, these differences did not
reach statistical significance owing to the small number
of patients.
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Conclusions
The assessment of right ventricular function is difficult
because of its complex geometry and pronounced trans-
lational motions. Several invasive and non-invasive tech-
niques have been used for estimating right ventricular
function. Right ventricular ejection fraction was found
to be dependent on pulmonary circulation with alter-
ations in right ventricular loading conditions, right
ventricular geometry and motion of the interventricular
septum (ventricular interaction) as well as myocardial
structure. Pulmonary artery pressure is usually increased
in patients with mitral valve disease but only slightly
altered in patients with aortic valve disease. Irreversible
damage to the right ventricle has been described in
patients with advanced mitral valve disease but the point
where no normalization after correction of the valve
lesion occurs has yet to be determined.
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